With the increasing pressure to reduce emissions, friction reduction is always an up-to-date topic in the automotive industry. Among the various possibilities to reduce mechanical friction, the usage of a low-viscosity lubricant in the engine is one of the most effective and most economic options. Therefore, lubricants of continuously lower viscosity are being developed and offered on the market that promise to reduce engine friction while avoiding deleterious mixed lubrication and wear. In this work, a 1.6 L downsized Diesel engine is used on a highly accurate engine friction test-rig to determine the potential for friction reduction using low viscosity lubricants under realistic operating conditions including high engine loads. In particular, two hydrocarbon-based lubricants, 0W30 and 0W20, are investigated as well as a novel experimental lubricant, which is based on a polyalkylene glycol base stock. Total engine friction is measured for all three lubricants, which show a general 5% advantage for the 0W20 in comparison to the 0W30 lubricant. The polyalkylene glycol-based lubricant, however, shows strongly reduced friction losses, which are about 25% smaller than for the 0W20 lubricant. As the 0W20 and the polyalkylene glycol-based lubricant have the same HTHS-viscosity , the findings contradict the common understanding that the HTHS-viscosity is the dominant driver related to the friction losses.
Introduction
With increasingly strict worldwide emission legislation, the automotive industry is always on the quest to optimize the efficiency of the powertrain. Friction reduction is one of the most efficient ways to reduce fuel consumption and emissions [1, 2] . Therefore, continuously lower viscosity lubricants are being developed and offered on the market that promise to reduce engine friction while avoiding deleterious mixed lubrication and wear. Common hydrocarbon-based lubricants have been used and investigated in the automotive sector for many decades [3] [4] [5] [6] [7] [8] . However, it appears that the even lower viscosities targeted for the near future might bring hydrocarbon-based lubricants to their limits [9] . For example, besides the obvious increased risk of mixed lubrication due to the lower viscosity, the higher volatility of lower viscosity lubricants can lead to disadvantageous increased oil consumption of the engine. Several alternative lubricant chemistries are currently being developed specifically for low viscosity engine lubrication such as ionic liquids [10] and polyalkylene glycol based [11, 12] lubricants. Despite the apparent large difference of 25% and more in the lubricant viscosities (see Table 1 ), the corresponding effect on engine friction is much smaller [13] [14] [15] and highly accurate test-rigs are required to measure the benefit of the individual lubricants experimentally.
In this study, two hydrocarbon-based multi grade lubricants (0W30, 0W20) are investigated related to their potential to reduce engine friction. In addition, one of the new experimental lubricants, namely a polyalkylene glycol-based oil, is tested for comparison. For a discussion of this uncommon lubricant class, the authors refer to [11, 12, 16, 17] . These lubricants are tested on a highly accurate engine test-rig using a downsized Diesel engine under a large range of operating conditions including high load operation. The same polyalkylene glycol lubricant has been tested recently for use in an automotive engine [16] . In comparison to their work, the present work is the first to actually test this lubricant under an applied engine load, which generates considerably higher stresses in the lubricated contacts.
Testing
In the following, the engine friction test-rig, the investigated lubricants and the engine under test are discussed.
The Dynamometer
For the measurements, a pressurized motoring test-rig has been used. In contrast to fired engine operation, the pressurized motoring test-rig supplies air under pressure to the engine intake. In combination with the intrinsic compression of the engine, realistic peak cylinder pressures of up to 200 bar can be realized in the combustion chamber [18] [19] [20] . This method has the major advantage of much higher measurement accuracy compared to fired engine tests. The main reason for the improved accuracy is the strongly reduced (by a factor of about 4) indicated mean effective pressure (IMEP) in comparison to fired operation. Therefore, torque transducers with a much smaller measurement range and, consequently, much higher absolute accuracy can be used. In fired engine tests, not only cooled piezoelectric sensors and special cylinder heads are required, but also the variations between individual combustion cycles can be very large. In particular, this applies to Gasoline engines, where it is common to see more than 20% variation in peak cylinder pressure from cycle to cycle. The main drawback of pressurized motoring is the different thermal situation in the piston assembly. However, a direct comparison of friction measurements for the same Diesel engine in fired operation and pressurized motoring showed very similar results [19] .
The pressurized motoring technique uses the well known IMEP-method to determine the friction mean effective pressure (FMEP) by subtracting the brake mean effective pressure (BMEP),
with the minor difference being that the signs of the IMEP and BMEP are negative in comparison to fired engine operation. When using the IMEP-Method to investigate the friction losses of an engine, it is essential to determine two quantities, the indicated power and the brake power of the engine with the highest possible accuracy. The reason for this is that IMEP and BMEP are two large and very similarly sized quantities, which are subtracted from each other to determine a rather small difference (FMEP). Therefore, any significant error in the determination of the BMEP and IMEP can easily lead to a measurement error of the same magnitude as the to-be-determined FMEP. Practically, the IMEP is measured using piezoelectric sensors in the combustion chamber. However, the BMEP cannot be measured directly as pressure, but is commonly measured as brake torque. The following equation relates the mean effective pressure p me to the corresponding torque T,
where W refers to the work per cycle and V D to the volume displacement of the investigated 4-stroke engine.
At the friction dynamometer test-rig, a highly accurate torque measurement system (HBM T12) with a built-in engine speed sensor is used for the brake torque and engine speed measurement. For the IMEP determination, it is essential to determine the position of the (firing) top dead center (TDC) of the piston with great precision. For this task, a capacitive TDC-sensor (AVL OT428) is used to ensure a high accuracy TDC determination. Ideally, the TDC determination should be done for every operating condition as the engine load and even the oil temperature influences the exact position of the top dead center. A common compromise is to perform TDC determination for an important operating condition, so the TDC is determined for an engine speed of 2500 rpm.
Oil and coolant of the engine under test are provided externally. The temperature and pressure of the supplied oil and coolant are very well stabilized and vary considerably less than the nominal accuracy of the used sensors: for the temperature measurements, thermocouples of type K with an accuracy of about ±0.5 • C are used. The employed pressure sensors have an accuracy of about ±0.05 bar. The cylinder pressure is measured in all cylinders using piezoelectric pressure sensors.
The Tested Lubricants
In this study, three different lubricants and their impacts on engine efficiency are analysed. The engine is originally specified to run with SAE 5W30/0W30 class engine oils. Therefore, a fully synthetic 0W30 engine oil (Shell PC2018) for Diesel engines is chosen as a reference for further comparison. The second oil, a lower-viscosity lubricant, is a fully synthetic 0W20 engine oil (Shell PC2016) with a similar additive package employed in the 0W30 engine oil. The third engine oil is fully formulated using a polyalkylene glycol (PG) base stock (Dow E72 XZ97011.01 [16] ). It is made available specifically for use in combustion engines and features a very high viscosity index (VI) without the necessity to add VI-improving additives. VI-improvers can cause a significant non-Newtonian behaviour [21] [22] [23] [24] of the lubricant. Therefore, a lubricant without these is expected to maintain its high viscosity also in the presence of locally high shear rates, which is an advantage for highly loaded contacts.
In this work, the terms 0W30, 0W20 and polyglycol are used for brevity only to refer to these lubricants instead of their full names.
One of the lubricant properties, namely the viscosity at high shear rate and high temperature (HTHS-viscosity defined at 150 • C and a shear rate of 10 6 s −1 ), is not only closely linked to fuel economy but even a linear relationship is proposed [25] . As expected, the 0W30 lubricant shows a higher HTHS-viscosity than the other two oils (3.2 mPa·s vs. 2.6 mPa·s). However, it is interesting to note that the HTHS-viscosity of the 0W20 and the polyalkylene glycol-based lubricant is identical; so from a pure HTHS-viscosity point of view, the same level of engine friction might presumably be expected from the 0W20 and PG lubricants.
The physical properties of all three tested engine oils are listed in Table 1 . Figure 1 shows the temperature behaviour for the viscosity and the density of the investigated lubricants. Notably, as can be seen from the figure, the density of PG is about 20% higher compared to the synthetic, hydrocarbon-based engine oils. In the experimental tests, great care is taken when the engine is supplied with a new (different) lubricant. Extensive flushing is performed to avoid that remaining left-overs from the previous lubricant intermix with the new one. It is commonly understood that about 10% to 15% of the previous lubricant stay in the engine and this is sufficient to influence the measurements of the new lubricant. Therefore, the engine is flushed and drained twice with the new lubricant before it receives the final oil filling of the new lubricant.
The Engine under Test
The passenger car engine put to test is an in-line four-cylinder, turbo charged, common rail Diesel engine with a nominal volume displacement of 1.6 litres and a nominal power range of 100-130 kW (Renault R9M [26] ). With a corresponding power density range of 62.5-81.3 kW/L, it represents the well established downsizing trend to obtain increased power from a reduced volume displacement. Table 2 lists additional technical details of the engine. The engine is used in a wide range of passenger cars and light commercial vehicles and is mechanically efficient. Amongst others, it employs steel pistons that reduce the friction power losses of the piston assembly due to their reduced thermal expansion [27, 28] .
Engine preparation: To be able to measure the friction power losses only of the base engine, all auxiliary devices such as oil and water-pump, alternator etc., have been removed from the engine. Also, the common rail pump of the injection system is removed, which is originally driven by the valve train. Consequently, the removal of the auxiliary systems reduces the load on the timing drive.
To realize external temperature and pressure control of the media, several parts of the engine, e.g., the oil module and the oil pan, have been modified. The coolant and engine oil are supplied from external supply units, which also control supply temperatures and pressures. The supply temperatures and pressures are directly measured at the coolant circuit and oil gallery of the engine, respectively. To be able to investigate the influence of the different lubricants on the temperature in the main bearings, the temperatures of each main bearing are measured using type K thermocouples. The temperature sensors measure the temperature at the back of the bearing shell as shown in Figure 2 . The used numbering scheme of the main bearings starts with main bearing 1 located next to the timing drive. Operation conditions ranging from low to high engine speeds at low and high engine loads are performed for two different coolant/oil temperatures. For the tests, the oil and coolant supply temperatures are kept identical; therefore, the term media temperature will be used for brevity in the following.
The operating conditions (speeds and loads) for which the engine is tested are shown in Figure 3 . These engine operating conditions are performed for 70 and 90 • C media temperature. Prior to the measurements, the engine is run following the standard procedure of the manufacturer. No significant change in engine friction could be detected during or after the subsequent tests. 
Results
In this section, the friction losses of the test engine are presented for all three tested lubricants. The results discuss the friction torque for motored and loaded operating conditions. Additionally, the influence of the lubricant on the main bearing temperatures and on the oil outflow temperature are investigated.
Motored Engine Friction Tests
Starting with the results for motored condition, the obtained engine friction torques for the tested lubricants are shown in Figure 4 For all three lubricants, the friction torque increases with engine speed. At high speed (at about 3500 rpm), the slope of the friction torque further increases. Although the viscosity of the lubricants decreases by roughly 40% when increasing the media temperature from 70 to 90 • C (see Figure 1) , the resulting difference of total engine friction for these two media temperatures is significantly smaller (only about 10%).
The highest friction torque is obtained with 0W30 for both media temperatures. At 90 • C, the friction torque with 0W30 increases from 5.6 Nm at 1500 rpm to 10.1 Nm at 4000 rpm and nearly doubles its value. For the lower media temperature of 70 • C, the corresponding friction torques range from 6.2 to 11.1 Nm.
A similar trend can be observed when lowering the viscosity by using a low-viscous lubricant such as 0W20. At both media temperatures, the friction torques obtained with 0W20 are below the corresponding friction torques of the reference lubricant (0W30). The reduction of friction torque ranges only between 0.1 and 0.5 Nm. A considerably lower friction torque is obtained with PG. Compared to 0W30, a friction torque reduction between 0.4 and 0.9 Nm can be observed. Figure 5 shows the friction reduction of the 0W20 and PG relative to the 0W30 lubricant.
It is interesting to note that the measured differences in friction torque, which are as small as only 0.1 Nm represent only 0.03% of the nominal torque of the engine. This shows the high accuracy of the employed test-rig and that such a high accuracy is essential to be able to investigate different lubricants. For a media temperature of 70 • C, 0W20 shows a nearly consistent friction benefit of roughly 2%. PG shows a maximum friction benefit of 11.8% at 2000 rpm. With increasing engine speed, the friction benefit of PG reduces. At 4000 rpm, the friction benefit is 3.8%.
At 90 • C media temperature, similar results are obtained. In comparison to PG, 0W20 shows again a more consistent friction benefit over the engine speed range. Increasing media temperature from 70 to 90 • C, the friction benefit of 0W20 also increases from roughly 2.2% to 5%. A probable explanation for the greater benefit at higher media temperature could be the increasing viscosity difference between the two oils with increasing temperature (compare Figure 1) . For PG, the friction benefit ranges from 8.8% to 14.6%. Again, it shows a decreasing trend with higher engine speed.
Engine Friction Tests under Load
For 0W30 and 0W20, the entire test procedure at loaded condition is performed. Therefore, cylinder pressures up to 180 bar are achieved and the speed ranges between 1500 and 4000 rpm (see Figure 3 ). For brevity, the results shown in this section focus on 90 • C media temperature. Figure 6 shows the friction torque obtained with 0W30 in the left diagram and the friction torque obtained with 0W20 in the right diagram. In general, both lubricants show a similar friction behavior of the engine over the entire speed and load range. For both lubricants, the lowest friction torque occurs at low speed and at low load condition. With increasing engine speed, the friction torque increases, as was already seen in the motored results. Additionally, the friction torque increases with increasing load. Therefore, the maximum friction torque occurs at 4000 rpm and at a peak cylinder pressure of 180 bar. Both lubricants show a rather strong increase of friction torque with load especially at 2000 rpm. Hence, the friction torque at 2000 rpm and a peak cylinder pressure of 180 bar is higher compared to the same load at 2500 rpm and 3000 rpm. Over the entire speed and load range, 0W20 shows a lower friction torque compared to 0W30. The difference between the two lubricants ranges between 0.2 Nm and 0.5 Nm. The increase of friction torque with increasing peak cylinder pressure at 2000 rpm is furthermore presented in Figure 7 in the diagram on the left. This figure shows the friction torque obtained with the addition of PG. Comparing the effect of engine speed, Figure 4 , to the effect of load for an engine speed of 2000 rpm, Figure 7 , it is interesting to note that both speed and load have about the same influence and almost double the total engine friction torque (friction torque ranges from 6.2 to 11.1 Nm for 1500 to 4000 rpm engine speed for 0W30 in comparison to 6.2 to 10.2 Nm friction torque at 2000 rpm for 40 to 180 bar peak cylinder pressure). Notably, the effect of engine load on engine friction torque is strongest for 2000 rpm and is weaker for higher engine speeds, see Figure 6 . However, even if the friction torques are of similar magnitude for these two operating points, the corresponding friction power losses (which impact the fuel consumption) are still only half at 2000 rpm in comparison to 4000 rpm engine speed.
The friction torque obtained with 0W30 increases from 6.2 Nm at roughly 40 bar peak cylinder pressure up to 10.2 Nm at 180 bar peak cylinder pressure. For 0W20, the trend of the friction torque is similar but its magnitude is reduced by roughly 0.4 Nm. However, PG shows a different behavior compared to 0W30 and 0W20. The effect of load on the friction torque is significantly lower; the friction torque increases from 5.3 Nm at 40 bar peak cylinder pressure up to 7.1 Nm at 180 bar peak cylinder pressure. Thus, at maximum load, a drastic reduction of 3.1 Nm is obtained compared to the friction torque with 0W30. The diagram on the right in Figure 7 shows the friction benefit for 0W20 and PG related to 0W30. While the friction benefit of roughly 5% for 0W20 remains rather stable over the peak cylinder pressure, the friction benefit for PG increases from 15% to 30%.
Main Bearing Temperatures
In addition to total engine friction, the main bearing temperatures are evaluated to discuss the influence of the lubricant on bearing performance. Two effects occur simultaneously when changing the lubricant with different physical properties. Firstly, the losses due to viscous friction vary, which affects the heat dissipation and furthermore the temperature of the bearing. Secondly, the viscosity affects the oil flow through the bearing and hence, the heat convection is changed, which again influences the main bearing temperature. Therefore, these two effects are not separated from each other in this study. Figure 8 shows the measured temperatures at main bearing 1 (diagram on the left) and main bearing 3 (diagram on the right) for motoring the engine. Main bearing 1 is located at the timing drive and main bearing 3 is located at the center of the crankshaft. In addition to the measured bearing temperatures, the measured oil supply temperatures are shown, which are very stable during the entire test procedure. In general, the bearing temperature increases with engine speed. Due to the higher shear stresses in the lubricating film at high speed, higher friction and heat dissipation occurs. At 1500 rpm, the main bearing temperature is only slightly higher compared to the oil supply temperature. With the two hydrocarbon-based lubricants, 0W30 and 0W20, the temperature is 91 • C at main bearing 1 and 92 • C at main bearing 3. The bearing temperature obtained with PG is even lower than the temperatures obtained with 0W30 and 0W20. The temperature difference between the three lubricants increases with higher engine speed. The highest temperature and thus largest friction losses in the main bearings occur with 0W30 followed by 0W20 and PG. At 4000 rpm, the temperature difference is 1.5 • C between 0W30 and 0W20 and 3-4 • C between 0W30 and PG.
The temperature increase in the main bearings due to the engine load is shown in Figure 9 . Again, main bearing 1 and main bearing 3 are shown in the two diagrams. Main bearing 3 shows a stronger increase of temperature and friction due to the fact that the bearing is stressed by the load of two adjacent cylinders while main bearing 1 has only one adjacent cylinder. The temperature increases linearly with the peak cylinder pressure. While the bearing temperature increases for 0W30 and 0W20 in a parallel fashion, the inclination for PG is slightly smaller. Therefore, a temperature and friction benefit in the main bearings occurs particularly for high engine loads. 
Lubricant Outflow Temperature
Most of the heat that is generated by friction in the engine is removed by the lubricant [29] . Hence, the lubricant outflow temperature represents the cooling capability of the lubricants. Figure 10 shows the measured lubricant outflow temperature at motored condition in the left diagram and at loaded condition in the right diagram.
The lubricant outflow temperature increases with load and speed except for the last speed step up to 4000 rpm. The reason for this is that at 4000 rpm, the oil supply pressure is increased by 2.2 bar. Hence, more lubricant flows through the bearings and transports more heat. The two hydrocarbon-based lubricants, 0W30 and 0W20, show similar outflow temperatures. Only at high speed and high peak cylinder pressures does 0W20 show a lower temperature, which corresponds to the overall friction losses in the engine (compare Figures 4 and 7) . The lubricant outflow temperature obtained with PG is clearly below the temperature, which occurred with the hydrocarbon-based lubricants. Beside the lower heat generation due to less friction in the engine, the higher volumetric heat capacity of PG has an additional benefit of improved cooling of the engine [11] . 
Discussion and Conclusions
The potential for friction reduction by employing low viscosity lubricants is investigated in this study using a downsized Diesel engine on a highly accurate test-rig. As the engine is designed to work with 0W30 lubricants, the 0W30 represents the reference for the other two tested lubricants, 0W20 and PG.
The measured friction torque shows a characteristic behavior; both engine speed and engine load increase the total engine friction in a similar magnitude. At motored condition, a clear benefit of roughly 10% is identified when the media temperature is raised from 70 to 90 • C due to the lower lubricant viscosity at high temperatures.
Fully Synthetic Low-Viscosity Lubricant
The mechanical engine performance is also analyzed with a fully synthetic low-viscosity lubricant (0W20) and the results are compared to the results with the reference lubricant (0W30). The trends of the friction torque over speed and load are identical for both lubricants. Hence, the presence of metal-metal contact in the lubricated contacts appears unlikely as it would furthermore lead to a raised friction torque (see for instance [30] ).
A reduction potential of the overall engine friction losses by using 0W20 is identified for the entire investigated engine speed and load range. At a media temperature of 90 • C, the friction losses are cut down by roughly 5% at motored condition and under load at an engine speed of 2000 rpm. It is interesting to note that an almost 25% difference in HTHS-viscosity (3.2 mPa·s vs. 2.6 mPa·s) is needed to obtain this 5% friction reduction benefit for the 0W20.
The main bearing temperatures are also evaluated for both lubricants. Friction in the bearings causes heat and the bearing temperature increases as a consequence. Due to lower friction losses in the bearings when using 0W20 instead of 0W30, a lower temperature is observed. The bearing temperature would increase if metal-metal contact is present. Hence, it can be assumed that the main bearings operate in pure hydrodynamic lubrication regime.
Polyalkylene Glycol-Based Ultra-Low-Viscosity Lubricant
The third lubricant investigated in this study is a polyalkylene glycol-based ultra-low-viscosity lubricant (PG). The results indicate that PG presents a great potential of friction reduction of the entire engine. Although the PG lubricant has the same HTHS viscosity of 2.6 mPa·s as the tested 0W20 lubricant, drastic differences in the measured friction torque are obtained. This contradicts previous works that connect HTHS-viscosity directly to fuel consumption, which apparently is only valid for hydrocarbon-based lubricants.
In comparison to 0W30, the friction torque using PG is reduced by roughly 10% at motored condition and a notable efficiency advantage of up to 30% is observed under high load. The very low viscosity compared to 0W30 results in lower friction in the lubricated contacts, which operate in pure hydrodynamic lubrication regime. Therefore, the main bearings show a notably lower temperature due to less frictional heating in the bearing. An additional benefit may appear in contacts, which operate in mixed and boundary lubrication regime.
Along with the frictional benefit, the investigated PG has a higher heat capacity compared to the two hydrocarbon-based engine oils. Therefore, better cooling performance is identified for PG in this study. However, the eventual implementation of polyalkylene glycol-based lubricants in future engines depends on further properties; for instance, the chemical compatibility of PG with other materials, the wear characteristics, the performance with DLC coatings, and the ageing behavior in fired engine operation.
Outlook
As future work, a further break-down of the friction losses into the engine's subsystems (piston assembly, crankshaft bearings, valve train and timing drive) is of interest because the different subsystems usually operate in different lubrication regimes, which would allow an even more detailed analysis of the tested lubricants.
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